ABSTRACT -This study has aimed to develop a method for simultaneous extraction and determination by liquid chromatography and mass spectrometry (LC-MS/MS) of glyphosate, aminomethylphosphonic acid (AMPA), shikimic acid, quinic acid, phenylalanine, tyrosine and tryptophan. For the joint analysis of these compounds the best conditions of ionization in mass spectrometry and for chromatographic separation of the compounds were selected. Calibration curves and linearity ranges were also determined for each compound. Different extraction systems of the compounds were tested from plant tissues collected from sugarcane (Saccharum officinarum) and eucalyptus (Eucalyptus urophylla platiphylla) plants two days after the glyphosate application at the dose of 720 g a.e. ha -1 . The plant material was dried in a forced air circulation drying oven and in a lyophilizer, and subsequently the extractions with acidified water (pH 2.5), acetonitrile-water (50:50) [v/v] and methanol-water (50:50) [v/v] were tested. To verify the recovery of the compounds in the plant matrix with acidified water as an extracting solution, the samples were fortified with a solution containing the mixture of the different analytical standards present so that this one presented the same levels of 50 and 100 μg L -1 of each compound. All experiments were conducted with three replicates. The analytical method developed was efficient for compounds quantifications. The extraction from the samples dried in an oven and using acidified water allowed better extraction levels for all compounds. The recovery levels of the compounds in the fortified samples with known amounts of each compound for both plants samples were rather satisfactory.
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RESUMO -Este trabalho teve como objetivo o desenvolvimento de um método de extração e determinação simultânea por cromatografia líquida e espectrometria de massas (LC-MS/MS) de glyphosate, ácido aminometilfosfônico (AMPA), ácido chiquímico, ácido quínico, fenilalanina, tirosina e triptofano. Para a análise conjunta desses compostos, foram selecionadas as melhores condições de ionização no espectrômetro de massas e para a separação cromatográfica dos compostos. Também foram determinadas as curvas de calibração e faixas de linearidade para cada um dos compostos. Foram testados diferentes sistemas de extração dos compostos a partir de tecidos vegetais coletados de planta de cana-de-açúcar (Saccharum officinarum) e eucalipto (Eucalyptus urophylla platiphylla) aos dois dias após receberem a aplicação de glyphosate na dose de 720 g e.a. ha -1
. O material vegetal foi seco em estufa de circulação forçada de ar e em um liofilizador, sendo posteriormente testadas as extrações com água acidificada (pH 2,5), acetonitrila-água (50:50) [v/v] e metanol-água (50:50) [v/v] 
INTRODUCTION
Glyphosate is the only commercial h e r b i c i d e w h i c h b l o c k s t h e 5-enolpyruvylshikimate 3-phosphate synthase (EPSPS) and has a number of favorable characteristics that make it safe from a toxicological and environmental standpoint, besides presenting a broad spectrum of control and large effectiveness in weed control. Inhibition of the enzyme EPSPS by the action of glyphosate affects the shikimic acid pathway, which consists of seven metabolic steps (Maeda & Dudareva, 2012) . Chorismate, the end product of the pathway of shikimic acid and the first waypoint of the pathway, is the precursor of the three aromatic amino acids: phenylalanine, tyrosine and tryptophan.
The three aromatic amino acids are precursors to a wide variety of secondary metabolites of plants (Maeda & Dudareva, 2012) . The intermediates of the shikimate pathway also serve as a starting point for the biosynthesis of secondary products; thus, this pathway is of great importance for the synthesis of many compounds of commercial interest (Herrmann & Weaver, 1999; Matallo et al., 2014) . The intermediates of the pathway of the shikimic acid also give rise to many compounds involved in growth regulation or in plant defense, especially the condensed tannins, anthocyanins, vitamin E, indole-3-acetic acid (IAA), salicylic acid, flavones, isoflavones, phenylpropanoids and coumarins, which are essential for plant growth and development.
The extraction and quantification of various compounds related to the shikimate pathway are extremely important in the detection of plants injury to herbicide glyphosate, as well as in the identification of resistant weeds to this herbicide. The shikimic acid is the most studied compound and is considered a sensitive biomarker of the intoxication of susceptible plants that accumulate the compound in the presence of glyphosate (Harring et al., 1998; Schrübbers et al., 2014) , while the resistant plants do not show an impressive increase after exposure to the herbicide (Singh & Shaner 1998; Bonini et al., 2009 ). The quinic acid, which is an intermediate compound of the shikimic acid pathway, can also accumulate in plants after the application of glyphosate (Orcaray et al., 2010) , and it may also be used as a marker of intoxication and sensitivity of the plants to the herbicide.
Due to the large use of glyphosate in agriculture, the interest in the development of analytical methods to detect and quantify its activity and its metabolites has increased (Alcaide- Molina et al., 2013) . Several methods for determination of some of these compounds are reported both by spectrophotometry (Zelaya et al., 2011) and by liquid chromatography coupled to mass spectrometry (Raji et al., 2014) and detection by fluorescence (Zhang et al., 2013) , or arrangement of photodiodes (Matallo et al., 2009; Alcaide-Molina et al., 2013) and gas chromatography with mass detector (Catrinck et al., 2013) . However, the adoption of only one method of extraction and quantification of glyphosate, AMPA (aminomethylphosphonic acid) and compounds related to the shikimic acid pathway has not been reported. Given the above, this study aimed to develop a method of simultaneous extraction and determination by LC-MS/MS of glyphosate, AMPA and some of the main compounds involved in the shikimic acid pathway which are indicators of intoxication of plants by glyphosate.
MATERIALS AND METHODS

LC-MS/MS method development
An analytical method was developed for the simultaneous quantification of the following Extraction and simultaneous determination of glyphosate, ... compounds: glyphosate, AMPA, shikimic acid, quinic acid, phenylalanine, tyrosine and tryptophan. The method was developed in an LC-MS/MS system, composed by a high performance liquid chromatograph (HPLC) (Shimadzu, Proeminence UFLC) equipped with two pumps (LC-20AD), an autoinjector (SIL-20AC), a degasser (DGU-20A5), a controller system (CBM-20A) and an oven (CTO-20AC) coupled to a mass spectrometer (3200 Q TRAP) (Applied Biosystems), a hybrid triple quadrupole. The quantitative analysis method used was MRM, whose main advantages are high sensitivity and reproducibility, low noise and simultaneous measurement of up to 100 compounds (Queiroga, 2009 ).
To develop the method for determining compounds and calibration curves, analytical standards were used with a high degree of purity (≥ 99%) from Sigma Aldrich. The optimization of the conditions of the mass spectrometer was performed with direct injections in the equipment (infusions), with a standard analytical solution of 1 mg L -1 of each individual compound. From the infusions was chosen the electrospray ionization (ESI) as a mode of source ionization, since this one had produced the analyte ions in the liquid phase before they entered the mass spectrometer. The best conditions of the capillary voltage, cone voltage and collision energies were determined for the analysis of all compounds.
For each compound, the ionization mode allowing higher signal intensity was chosen. The negative ionization mode was used for the following compounds: glyphosate, AMPA, shikimic acid and quinic acid. For the three aromatic amino acids (phenylalanine, tyrosine and tryptophan), the positive ionization mode was used. After choosing these conditions, the ions to be monitored to quantify were selected.
For the development of the chromatographic method of separation of compounds and determination of the calibration curves, the composition of the mobile phase for the chromatographic separation was tested in various compositions and flow rates. As to the separation and detection of the compounds in the negative ionization mode, the best chromatographic conditions were obtained using column Gemini 5 μ C18 110 Å (150 mm x 4.6 mm) and a mobile phase consisting of 5 mM of ammonium acetate in water (phase A) and 5 mM of ammonium acetate in methanol (phase B), each adjusted to pH 7.0. The gradient used was: 0 minute 30% of phase B; 2.5 minutes 50% of phase B; 5 minutes 75% of phase B; 8.5 minutes 90% of phase B; and 15 minutes 30% of phase B, with a flow of 0.500 mL min -1 . For the aromatic amino acids in the positive ionization mode, the best conditions were column Synergi 2.5 μ Fusion RP 110 Å and the same mobile phases used for the analyses in the negative mode. The gradient used was: 0 minute 10% of phase B; 2 minutes 40% of phase B; 4 minutes 95% of phase B; and 12 minutes 10% of phase B, with a flow of 0.250 mL min -1 .
The total run time was 18 minutes for those compounds in the negative ionization mode and 15 minutes for the aromatic amino acids in the positive ionization mode. The retention time in minutes of each compound in the chromatographic column was 3.86 for glyphosate and shikimic acid, 3.69 for AMPA, 3.79 for quinic acid, 9.71 for phenylalanine, 6.84 for tyrosine and 10.31 for tryptophan.
For each compound the calibration curve was determined with the concentrations of the standards that covered the range of levels of the compounds found in the plant tissues, which was represented by the linear regression equation y = ax + b, where b is the intersection of the calibration curve and a is the slope of a straight line. After the development of the method, the samples were diluted so that their concentration were always within the concentration range of the standard used in the curve for quantitation.
Plant material and treatments
Eucalyptus seedlings (Eucalyptus urophylla platiphylla) and sugarcane (cultivar SP801842) were used to develop the method of extraction and quantification of glyphosate and AMPA and compounds related to the shikimic acid pathway. The seedlings were kept in tubes, and the stalks of sugarcane were planted in pots containing 1 L of Bioplant substrate (organic material of plant and expanded vermiculite) with pH 5.7 (± 0.5) and kept in a greenhouse.
When the eucalyptus and sugarcane plants had 6 to 8 leaves and 3 fully expanded leaves, respectively, glyphosate application was performed at a dose of 720 g e.a. ha Two days after application (DAA), collecting all the leaves of eucalyptus and sugarcane plants was performed, which were washed three times with 50 mL of distilled water, so that the residue of the application, deposited on the leaves and not absorbed, were removed. After this procedure, the material collected for each species was divided into two equal parts: one of them was kept in an oven of forced air circulation at 45 o C for 72 hours and the other was stored in a freezer at -80 o C, being subsequently freeze-dried in a lyophilizer (Christ, alpha 2-4 LD Plus) at a temperature of -70 o C, also for 72 hours. After drying and lyophilization, the samples were ground in a mortar with liquid nitrogen. The material dried in an oven and lyophilized after being macerated was divided into three equal parts, which constituted three different replications for carrying out the tests to define the extraction methodology of the compounds.
Extraction methodology
After the plant samples were macerated, 100 mg of the samples from the different methods of preparation were weighed which were placed in centrifuge tubes with 15 mL capacity. For each species and sample processing type (dried in an oven and lyophilized), three extraction solutions were tested: acidified water (pH 2.5) (Matallo et al., 2009), acetonitrile-water (50:50) [v/v] and methanol-water (50:50) [v/v] . Three replicates were used for each type of processing of the plant material and extraction solution.
Ten milliliters of each extraction solutions were added in each sample, which were subjected to an ultrasonic bath with an ultrasonic frequency of 42 kHz for 30 minutes. The extraction mechanism of a certain substance of a plant sample involves the diffusion of the solvent by means of the cell walls and washing such substance out of the cells, since the walls are broken, which is greatly influenced by the ultrasonic irradiation, particularly when the plant material is dry (Vinatoru, 2001 ). Thus, the ultrasound bath used in all tested extraction procedures has the function to facilitate the swelling and hydration of the dry material, and then result in increased permeability of the cell wall, increasing the process of diffusion and transfer of the substance to the extraction solution (Vinatoru, 2001 ).
Subsequently, the samples were subjected to centrifugation at 4,000 g for 10 minutes at 20 o C. The supernatant was collected and filtered in a Millex HV 0,45 μm filter, with membrane Durapore 13 mm, and packaged in an amber vial for subsequent quantification by high efficiency liquid chromatography and mass spectrometry (LC-MS/MS). According to the concentrations in the samples, the content of each compound extracted by gram of dry plants tissue was determined.
Recovery factor
To verify the recovery of the compounds in the vegetable matrix with acidified water as extracting solution, fortification of the samples was performed with a solution containing the mixture of the different analytical standards, so that it presented the contents of 50 and 100 μg L -1 of each compound; control plants were kept to be compared in order to determine the endogenous level of each compound in the plant before fortification. Three replicates were performed.
The means and standard deviation were calculated across the fortified samples with respect to the calibration matrix standards. The recovery factor (R) was calculated from the equation: R (%) = (C 1 -C 2 /C 3 )*100, where C 1 is the concentration determined in the fortified sample; C 2 is the concentration determined in the unfortified sample; and C 3 is the concentration of the fortification (Gonçalves, 2007) .
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RESULTS AND DISCUSSION
Development of the analytical methodology
The molar mass and the fragments generated from each molecule are shown in Table 1 . The fragment used for quantification of each compound was always the product ion of the first transition, and the fragment (product ion) of the second transition was used for confirmation of the compound. For an unambiguous identification that allow the quantification of the compounds of interest in complex matrices, it is necessary to monitor more than one ion. For this reason, the use of the LC-MS/MS system enables the control of ionic transitions from the fragmentation of the molecular ion, ensuring the required sensitivity and the specificity necessary for the quantification of the analytes at sometimes trace concentrations present in high complexity matrices (Queiroga, 2009 ).
The analytical curves for the compounds were made in the concentration ranges shown in Table 2 . The concentration of the shikimic and quinic acids in the sample is high due to the blockage of the metabolic pathway by glyphosate; therefore, the linear range for quantification of these two compounds was 75-4800 μg L -1 , far superior to the other compounds analyzed. For the aromatic amino acids, the linear range was from 7.81 to 1,000 μg L -1 , and for glyphosate and AMPA, from 2.34 to 600 μg L -1 . The coefficient of determination (r 2 ) for all compounds was 0.99, except for the quinic acid, which showed r 2 of 0.95; thus, the linear model used proved to be very suitable ( Table 2 ).
The analytical method developed for quantifying the compounds by LC-MS/MS in the vegetable matrix, which is highly complex, has proved efficient for the simultaneous quantification of the following compounds: glyphosate, AMPA, shikimic acid and quinic acid, and for all three aromatic amino acids (phenylalanine, tyrosine and tryptophan).
Table 1 -Compounds quantified by LC-MS/MS in the negative and positive ESI (electrospray ionization) ionization mode and
MRM acquisition mode, precursor ions and product ions and collision energy for both transitions 
Extraction of compounds
Compounds extractions were performed using different solvents with different polarities from the dry plant material in an oven and lyophilized. The method developed for the LC-MS/MS system makes it possible to quantify the different compounds from the injection of a single sample, which reduces the cost of sample preparation and chromatographic analysis, minimizing wear of the equipment and consumables; however, for this to be valid, setting a single extraction procedure is required. Figures 1-7 show the results of extraction of the compounds analyzed in the same run of the two plant matrices (sugarcane and eucalyptus) with the three solvents used (acidic water, acetonitrile 50% and methanol 50%).
For most compounds in both plant species, the samples dried in an oven allowed a better extraction, except for the shikimic acid and quinic acid in eucalyptus, which were better extracted from the lyophilized samples. The extraction of the compounds from previously dried samples is widely used because it prevents large experimental variations (Rocha et al., 2006) , maintaining uniform samples without variations in moisture content and are thus more easily standardized.
The concern in working with dry samples is also justified, because previous studies have shown that the water content of samples in natura varies during the development of plants injury by glyphosate. Drying in an oven should always be prioritized due to the greater simplicity and lower cost of the equipment required for drying the samples in relation to lyophilization.
Glyphosate and its major metabolite (AMPA) in the tissues of sugarcane and eucalyptus have shown better results for the extraction from the sample dried in an oven, associated to the use of acidified water as a solvent (Figures 1 and 2) . The presence of AMPA was not detected in the sugarcane samples extracted with methanol (50% v/v), regardless of its drying method. The shikimic and quinic acids (Figures 3 and 4) were best obtained from the plant material dried in an oven for the sugarcane matrix and from the lyophilized material for the eucalyptus matrix. In both cases, the acidified water is equal to or higher than the other solvents tested for extraction.
The shikimic acid extraction technique of plant tissues of soybean and sugarcane using water and extraction assisted by microwave, developed by Matallo et al. (2009) , has promoted a high extraction efficiency, near 100%, and a high level of sensitivity without interference from other compounds and without the use of more toxic reagents such as sulfuric acid, hydrochloric acid and alcohols. 
(A) (B)
Extraction and simultaneous determination of glyphosate, ... The extraction of the three aromatic amino acids from the material dried in an oven in both plant species was equal to or, in most cases, higher than the extraction from the lyophilized material ( Figures 5, 6 and 7) . Again, the acidified water was the solvent that provided the best extraction of the amino acids of the vegetable matrices, except for tyrosine (Figure 6 ), which was easily extracted with methanol (50% v/v), followed by acetonitrile (50% v/v) and acidified water from the sugarcane material.
Although there have been a few exceptions, the extraction of the compounds from the plant material dried in an oven of the sugarcane and eucalyptus was higher than the freeze-dried one, and acidified water was the solvent with the best extraction of most of the compounds. The best combination of sample preparation and extraction solution was obtained from samples dried in an oven and with acidified water, because it represented lower costs, lower health risks to the people involved and disposal of the solvents (methanol and acetonitrile). Water is one of the most used solvents for glyphosate extraction because of its non-toxic characteristic and the solubility of the herbicide and its metabolites (Hogendoorn et al., 1999) . 
(A) (B) (A) (B)
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Recovery of the compounds
According to the standardization of extraction of the samples from the material dried in an oven and using acidified water as a solvent, fortification of the samples with known concentrations of standard solutions of each compound was performed to determine their recovery levels. The recovery factor is the ratio between the levels of the substance of interest that is present or has been added to the material, which is extracted and can be quantified (Thompson et al., 1999) .
In general, there were high recovery levels of the compounds in the samples fortified with known amounts of each compound for the two matrices (eucalyptus and sugarcane) (Table 3) which ranged from 74-101% in sugarcane and from 75-110% in eucalyptus. The highest levels were observed for all three aromatic amino acids, with a maximum recovery of tryptophan (101%) followed by phenylalanine (96%) and tyrosine (95%) from the samples fortified with 100 μg L -1 of the standard solution in sugarcane. For eucalyptus, the amino acids were totally recovered in the fortified samples.
The lowest recovery levels, below 80%, were observed for AMPA (50 μg L -1 ) from the two plant matrices, and for the shikimic and quinic acids (100 μg L -1 ) from eucalyptus. Even for these compounds, which had the lowest recovery percentages, the results are satisfactory, because, for detection of residues, recovery should be between 70 and 120%, and depending on the analytical complexity of the sample, this value can be 50-120% (Ribani et al., 2004) . The recovery factor is an indicator of the accuracy of the method, and the high values obtained allow confirmation that there was no degradation of the compounds during the extraction process (Alcaide-Molina et al., 2013) .
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